1. Introduction {#sec1}
===============

Human Salmonellosis is mainly caused by contaminated food derived from animals of carrier state. Despite a tendency of dropping incidence in recent years still a total of 94,530 human Salmonellosis cases were confirmed in the EU in 2016 [@bib1]. Herein *S.* Enteritidis was the most dominant serovar with more than half (59.0 %) of the reported cases caused by this serovar. Furthermore, the number of *S.* Enteritidis associated cases continued to increase in 2016 compared with 2014 and 2015 [@bib1].

Since poultry products have been identified as one major source of *Salmonella* Enteritidis (SE) and *Salmonella* Typhimurium (STM) in human food the EU has implemented the obligation of vaccination of chicken flocks as one important part of the program for control of *Salmonella* in poultry [@bib2]. Several live attenuated or killed vaccines are currently licenced for this purpose in the EU.

The efficacy of SE or STM live vaccines has to be demonstrated as per two specific guidelines of the European Pharmacopoeia (EP): 04/2013:2520 and 04/2013:2521. Both describe the animal trials including the challenge model to be applied. This challenge model is based on a qualitative bacteriological examination of cloacal swabs and internal organs (liver, spleen, caeca, ovary and oviduct) and requires a minimum of 20 animals per group. In contrast, a different challenge model based on quantitative bacteriological examinations of the target organs by tenfold serial dilution of the samples (Koch\'s spread plate method) has been widely published by numerous authors in the last 3 decades \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. By determining the bacterial burden per gram tissue, this model allows a demonstration of statistically relevant differences between vaccinated and non-vaccinated animals using much lower numbers of animals per group (n = 4--10) \[[@bib3]--[@bib13]\]. It is therefore more in line with the '3R' principle in animal experiments.

The aim of this study was to examine whether an already licensed live SE vaccine, which was developed by means of a quantitative challenge model [@bib3] during the late 90ies, could also comply with the current guideline released in 2013.

2. Methods {#sec2}
==========

2.1. Study design, animals and vaccination {#sec2.1}
------------------------------------------

Dekalb white chickens (n = 100) from a *Salmonella*-free herd were included. During the study the animals were housed in biosecurity level 1 rooms according to the German law of animal welfare of laboratory animals and received commercial feed according to their age. Water was provided ad libitum.

Chickens (n = 50, group 1) were individually vaccinated orally by use of a buttoned cannula on their 2^nd^, 46^th^ and 84^th^ day of life with the live attenuated *S.* Enteritidis strain IDT No. 441/014 (batch \#1490315) (registered under the trade names Salmovac 440^®^/Salmovac SE^®^/Zoosal 440^®^, IDT Biologika GmbH, Germany). The vaccine was reconstituted in sterile water and adjusted at the minimum effective dose (1 × 10^8^ cfu/bird). Non-vaccinated controls (group 2, n = 50) were housed separately to avoid transmission of the vaccine strain onto the controls. Cloacal swabs were taken from 10 animals per group each month and analysed regarding the presence of SE/STM according to DIN ISO 6579-1:2017.

At the hatchery the chickens were vaccinated with live vaccines against Infectious Bronchitis (Nobilis^®^ IB Primo QX, MSD), Infectious Bursitis and Marek\'s Disease (Vaxxitek^®^ HVT+IBD, Merial).

All animals received further vaccinations during the trial according to the SPC of the vaccines: Infectious Bronchitis (Poulvac^®^ IB QX, Zoetis; Avipro IB H52, Elanco), Newcastle Disease (Avinew^®^, Merial; Avipro^®^ ND LaSota, Elanco), Gumboro Disease (Hipragumboro^®^, Hipra), Chicken Anaemia Virus (Thymovac^®^, Elanco), Avian Pneumovirus (Nemovac^®^, Merial), Infectious Laryngotracheitis (Nobilis ILT, MSD), Reovirus-Infection (Nobilis^®^ Reo, MSD; Nobilis^®^ Reo inac, MSD), Avian Rhinotracheitis, Infectious Bronchitis, Infectious Bursitis, Newcastle Disease (Nobilis^®^ RT+IBmulti+G+ND, MSD), Avian Encephalomyelitis and Fowlpox (Nobilis^®^ AE+POX, MSD).

A notification of the study was approved by the local animal welfare authority (Landesverwaltungsamt Sachsen-Anhalt, reference no. 42502-3-759 IDT).

2.2. Challenge trial {#sec2.2}
--------------------

The challenge trial was performed as a blinded study. Directly prior to the challenge 20 chickens per group were transferred to a biosecurity level 2 facility. They were challenged in their 77^th^ week of life (455 days post 3^rd^ vaccination) by intraingluvial administration of 5 × 10^8^ cfu of a virulent wild-type *S.* Enteritidis 147Nal^r^ (PT 4) strain in 1.0 ml physiological saline solution via buttoned cannula. Cloacal swabs (CS) were sampled from each animal prior to the infection as well as 3, 5, 7, 10 and 14 days post challenge (dpc). Necropsies were performed at 7 and 14 dpc on n = 10 randomly selected animals per group (sampling of liver, spleen, caeca, oviduct, ovary). The animals were euthanized by exsanguination after mechanical head stunning.

Blood samples were taken from each animal at 4 days prior to infection and during necropsy. They were analysed for *Salmonella*-specific antibodies with a commercial ELISA kit ('Salmonella Group B and D Antibody test kit', BioChek Ltd., UK) at Anicon GmbH (Hoeltinghausen, Germany) according to the manufacturer\'s instructions. Samples with a titre \< 1:654 were assigned as negative.

2.3. Bacteriological evaluation {#sec2.3}
-------------------------------

CS and tissue samples (TS) were qualitatively examined for the presence of *Salmonella* spp. according to DIN ISO 6579-1:2017. In brief, CS were pre-enriched in buffered peptone water (16--20 h at 37 ± 1 °C) followed by cultivation on modified semi-solid rappaport vassiliadis agar (24 ± 3h at 41.5 ± 1 °C) and subsequent plating on XLD- and Rambach agar (24 ± 3 h at 37 ± 1 °C).

TS received pre-enrichment in buffered peptone water (16--20 h at 37 ± 1 °C). After this, 100 μl of this culture were inoculated in RVS-Bouillon and 1 ml MKTTn-Bouillon (24 ± 3 h at 37 ± 1 °C). Samples from both Bouillons were plated XLD- and Rambach-agar (24 ± 3 h at 37 ± 1 °C). *Salmonella* spp. positive samples were further cultivated on Desoxycholate-Citrate-Agar (LEIFSON) supplemented with 50 μg/ml Nalidixic acid to confirm the presence of the challenge strain.

2.4. Determination of efficacy and statistical analysis {#sec2.4}
-------------------------------------------------------

The treatment groups were compared by the number of cloacal swabs and tissue samples containing challenge organisms. The statistical analysis was done with the Wilcoxon Mann-Whitney test at a level of two-sided significance ≤ 0.05 (SAS, North Carolina, USA).

3. Results {#sec3}
==========

3.1. Serology {#sec3.1}
-------------

Prior to the challenge all chickens were serologically negative. In response to challenge a seroconversion was detected (7 days post vaccination \[dpc\]: 2/20 chickens positive, 14 dpc: 19/20 chickens positive). The controls showed higher mean antibody values than the vaccinates post challenge, but significant differences were only observed at 14 dpc (7 dpc: group 1 = 264.0 ± 123.8, group 2 = 528.4 ± 760.4 \[p = 0.645\], 14 dpc: group 1 = 1478.9 ± 741.7, group 2 = 3237.2 ± 926.7 \[p = 0.001\]) ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Kinetics of the antibody response to challenge infection according to the treatment group and day of sampling. Prior to the infection all animals were serologically negative (threshold \< 1:654, dashed line). Seven days after infection a mild increase in the antibody titres was detected with nearly equivalent values in both groups. The amount of anti-*Salmonella* antibodies further increased during the infection period and showed a further gain at 14 dpc with significant higher values in the controls (p = 0.001, asterisk).Fig. 1

3.2. Bacteriological examination of faecal swabs and tissue samples {#sec3.2}
-------------------------------------------------------------------

All animals were bacteriologically negative for SE/STM during the vaccination period and until challenge. Furthermore, no *Salmonella* spp. were found prior to the infection. Post-infection, in both the CS and the TS the mean number of challenge strain positive samples was found to be lower in vaccinates ([Table 1](#tbl1){ref-type="table"}). These differences were statistically significant (CS p \< 0.0001, TS p = 0.0240). When comparing the mean rate of challenge strain positive TS on both necropsies it was obvious that at 7 dpc (group 1 = 3.2, group 2 = 4.1) more organs per animal were positive than at 14 dpc (group 1 = 2.2, group 2 = 3.1).Table 1Results of bacteriological examination of tissue and cloacal swab samples (frequency of challenge strain \'positive\' samples per animal and challenge strain 'positive' cloacal swabs per day post-challenge).Table 1GroupNMin.Max.Median95 % CI\*MeanSDP\*\***Tissue samples**1 (Vaccination)200532.03.02.71.340.02402 (Control)201543.04.03.61.23**Cloacal swab samples**1 (Vaccination)200411.02.01.61.10\<0.00012 (Control)201533.04.03.21.20Positive cloacal swab samples per group and day post-challengeGroup0 dpc3 dpc5 dpc7 dpc10 dpc14 dpc1 (Vaccination)01684212 (Control)018181674[^1][^2]

The frequency of SE positive internal organs depended on the type of organ: Caeca \> Liver \> Spleen \> Ovaries \> Oviduct ([Table 2](#tbl2){ref-type="table"}). A protective effect of the vaccine was present in all organs.Table 2Results of bacteriological examination of tissue samples (frequency table of the number of \'positive\' samples per organ and the number of animals by the number of \'positive\' samples).Table 2OrganGroupN~positive~%~positive~95 % CI\*Total**Caeca**1 (Vaccination)189068.398.8202 (Control)199575.199.920**Liver**1 (Vaccination)168056.394.3202 (Control)189068.398.820**Ovaries**1 (Vaccination)73515.459.2202 (Control)136540.884.620**Oviduct**1 (Vaccination)3153.237.9202 (Control)73515.459.220**Spleen**1 (Vaccination)105027.272.8202 (Control)157550.991.320Number (%) of animals with k \'positive\' samples (k = 0--5)Group012345Total1 (Vaccination)1 (5)3 (15)4 (20)7 (35)3 (15)2 (10)202 (Control)0 (0)2 (10)2 (10)2 (10)10 (50)4 (20)20[^3]

Furthermore, the number of animals with multiple positive tissue samples was reduced by vaccination ([Table 2](#tbl2){ref-type="table"}).

4. Conclusion {#sec4}
=============

The present study is the first that demonstrates the efficacy of the vaccine strain IDT 441/014 against SE according to the current requirements specified in EP monograph 04/2013:2520. It could be demonstrated that this vaccine leads to a significant reduction of excretion and a reduced invasion of the internal organs by pathogenic SE. In particular, invasion of the ovaries and oviduct as well as the colonization of the intestine, which are regarded as reservoirs for *Salmonella* contaminated egg contents and egg shells [@bib14], were considerably reduced in vaccinated animals. Overall, it has to be noted that the vaccine still complies with the current regulations, although it has been developed 20 years ago.

Despite this, a duration of immunity of 65 weeks after the last vaccination and the safety of the vaccine within short-term application (1 day) of other live vaccines could be demonstrated in this laboratory study for the first time.

The animal model used in this study is mandatory since the monograph has come into force in 2013. It is based on a qualitative bacteriological examination of several organs and cloacal swabs and is very different from the one used in the developmental phase of the vaccine in the late 1990\'s [@bib3]. The latter model is based on a quantitative determination of the challenge strain content per gram of tissue \[[@bib3], [@bib15]\]. Due to this approach, a higher statistical power is achieved and fewer animals can be used in the experiments, without limiting the significance of the model \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. This should be considered with regard to European Directive 2010/63/EU which describes the protection of animals used for scientific purposes. Through this directive, the principle of the '3R' was legally recognized in the EU in 2010 and subsequently transposed into national law in the member states. Why the later released EP guideline 04/2013:2520 is contrary to this and excludes animal models that are widely used in scientific work and are more in line with the '3R' principle, remains unclear.
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[^1]: \*CI: confidence interval of the median.

[^2]: \*\*P: p-value, Wilcoxon Mann-Whitney test (level of significance p ≤ 0.05).

[^3]: \*CI: confidence interval.
